Chronic myelogenous leukemia (CML) results from malignant transformation of a primitive hematopoietic cell by the BCR/ ABL oncogene. The breakpoint cluster region/ABL (BCR/ABL) tyrosine kinase inhibitor imatinib mesylate (imatinib) is highly effective in inducing remissions in CML. However, the effects of imatinib on intracellular signaling in primary progenitor cells are not well described. We show that imatinib exposure resulted in a significant dose-responsive reduction in BCR/ ABL kinase activity in CML CD34 ؉ cells. However, imatinib treatment resulted in an increase in activity of p42/44 mitogenactivated protein kinase (MAPK), an important downstream effector of BCR/ ABL. Increased MAPK activity was growth factor dependent. Pharmacologic inhibition of MAPK using MAPK/extracellular signal-regulated kinase kinase-1/2 (MEK-1/2) inhibitors significantly reduced CML progenitor proliferation. Combined treatment with a MEK-1/2 inhibitor and imatinib significantly increased suppression of CML progenitors compared with either inhibitor alone. In contrast, imatinib treatment resulted in a small reduction in AKT activity. Combined treatment with a phosphatidylinositol-3 (PI-3) kinase inhibitor and imatinib significantly increased suppression of CML progenitor growth compared with either inhibitor alone. We conclude that inhibition of BCR/ABL kinase activity in CML progenitors by imatinib results in a growth factor-dependent compensatory increase in MAPK activity and in only partial inhibition of PI-3 kinase activity. These mechanisms may contribute to incomplete elimination of CML progenitors by imatinib. ( 
Introduction
Chronic myelogenous leukemia (CML) is a clonal hematopoietic disorder resulting from malignant transformation of a primitive hematopoietic cell. 1 Stem cell transformation in CML results in abnormal proliferation and expansion of malignant progenitors, precursors, and mature hematopoietic cells. 1, 2 Clinically, CML inevitably progresses from an initial chronic phase (CP) through an accelerated phase (AP) and a terminal blast crisis (BC) or an acute leukemic phase. Malignant cells in CML have a characteristic karyotypic abnormality, the translocation t(9;22). 3 At the molecular level, this translocation results in the formation of an abnormal BCR/ABL fusion gene. 4 Several studies indicate that the BCR/ABL gene is required and sufficient for development of CML. [5] [6] [7] The fusion of N-terminal breakpoint cluster region (BCR) sequences to the ABL tyrosine kinase (TK) results in constitutive activation and enhancement of the TK activity of the BCR/ABL protein (p210 BCR/ABL ). 8 Abnormal TK activity is critical for the transforming ability of p210 BCR/ABL . 9 Deregulated TK activity results in activation of several downstream signaling pathways, including the Ras/mitogen-activated protein kinase (Ras/MAPK), phosphatidylinositol-3 kinase/AKT (PI-3K/AKT), and signal transducer and activator of transcription (STAT) pathways, which are implicated in mitogenic signaling and enhancement of survival. 1, 10 Imatinib mesylate (imatinib) (STI571; Gleevec; Novartis Pharmaceuticals, Basel, Switzerland) is a potent small molecule inhibitor of the BCR/ABL TK. 11 Imatinib also inhibits the c-ABL, c-KIT, and platelet-derived growth factor (PDGF) receptor TKs. Preclinical studies showed that imatinib inhibits the growth of BCR/ABLexpressing cell lines in vitro and in vivo. 12 In clinical trials, imatinib treatment results in cytogenetic response in a very high proportion of CML patients and is now a frontline treatment for this disease. [13] [14] [15] [16] [17] [18] However, since follow-up is limited, it is not clear as yet whether responses to imatinib will be durable. Recent reports indicate that molecular remissions may be rare and that BCR/ABL transcripts, although significantly reduced, may be detected in most patients with complete cytogenetic responses (CCRs) to imatinib when sensitive reverse transcriptase-polymerase chain reaction (RT-PCR) analyses are used. 19 In some patients, especially in AP and BC, relapses can be observed even after induction of CCR. 16, 17, 20 It is therefore important to investigate whether imatinib effectively targets the malignant primitive progenitors in which the disease originates.
In previous studies, others and we have shown that in vitro exposure to imatinib results in a dose-dependent inhibition of CML-committed and primitive progenitor growth. 12, [21] [22] [23] However, suppression of progenitor growth was partial and occurred mainly through inhibition of abnormally increased proliferation rather than through a selective increase in apoptosis. Consistent with this, Graham et al 24 reported that primitive, quiescent Philadelphia chromosome-positive (Ph ϩ ) progenitor cells from CML patients have reduced sensitivity to imatinib in vitro. We have further shown that residual BCR/ABL ϩ CD34 ϩ progenitors persist in CML patients in CCR on imatinib therapy. 25 Therefore, imatinib effectively suppresses, but may not eliminate, malignant progenitors in CML patients. It is not yet clear whether imatinib effectively inhibits BCR/ABL kinase activity in CML progenitor cells. In addition, the effects of imatinib on signaling pathways downstream to BCR/ABL in primary progenitor cells are not clear. Improved understanding of the mechanisms of response or lack of response of CML primary progenitors to imatinib may allow rational design of therapies to enhance targeting of malignant progenitors resistant to elimination by imatinib alone.
The Ras signaling pathway appears to play an essential role in transformation of BCR/ABL ϩ cell lines. 26 BCR-ABL can activate multiple alternative pathways leading to Ras activation. 10, 27 Ras activation leads to the phosphorylation and activation of downstream signaling proteins belonging to the MAPK pathway. Of the 3 major MAPK signaling pathways, p42/44 MAPK, also known as extracellular signal-regulated kinase (ERK), is a key mediator of proliferation, differentiation, and survival signals, whereas c-Jun N-terminal kinase (JNK) and p38 MAPK are activated in response to cellular stress and inflammatory cytokines and mediate induction of apoptosis. 28 The p42/44 MAPK has been reported to be phosphorylated in BCR/ABL-expressing cell lines. 10 Constitutive activation of p42/44 MAPK signaling can drive oncogenic transformation in fibroblasts and growth-factor independence in hematopoietic cell lines. 29, 30 Several studies suggest a role for MAPK signaling in BCR/ABL-driven proliferation and survival signaling. [31] [32] [33] [34] The aim of the current study was to investigate the effects of imatinib on BCR/ABL-activated intracellular signaling pathways in CML primary progenitors, and the relationship of these signaling mechanisms to inhibition of progenitor growth. We investigated whether imatinib effectively suppressed BCR/ABL TK activity in CML CD34 ϩ cells. We also evaluated its effects on MAPK signaling, a potentially important downstream signaling mechanism contributing to hematopoietic cell transformation by BCR/ ABL. The effects of imatinib on another downstream pathway, the PI-3K signaling pathway, were also studied.
Patients, materials, and methods

Subjects
Bone marrow samples from CML patients and healthy donors, peripheral blood stem cell samples from healthy donors, and umbilical cord blood samples were obtained under guidelines approved by the Institutional Review Board of the City of Hope National Medical Center (Duarte, CA).
Selection of CD34 ؉ progenitors
Bone marrow mononuclear cells (BMMNCs) were isolated by FicollHypaque (Sigma Diagnostics, St Louis, MO) density gradient centrifugation (specific gravity, 1.077) for 30 minutes at 400g as previously described. 35 35 Cells were cultured for 48 to 96 hours prior to being harvested and assayed in progenitor, proliferation, and apoptosis assays. Where indicated, imatinib mesylate, the MAPK extracellular signal-regulated kinase-1/2 (MEK-1/2) inhibitors PD98059 or U0126 (Calbiochem, San Diego, CA), or the PI-3 kinase inhibitors LY294002 or Wortmannin (Sigma Diagnostics) were added at the indicated concentrations.
Progenitor assays
CD34 ϩ cells, cultured for 96 hours alone or in the presence of inhibitors, were plated in methylcellulose progenitor culture for 14 to 18 days and assessed for the presence of GM colony-forming units (CFU-GMs) and erythroid burst-forming units (BFU-Es) as previously described. 35 
Apoptosis assay
Apoptosis was detected as previously described. 21 Briefly, CD34 ϩ cells were cultured for 48 hours alone or in the presence of inhibitors, labeled with annexin V-fluorescein isothiocyanate (annexin V-FITC) and ViaProbe 7-amino-actinomycin D (7-AAD) (BD PharMingen, San Diego, CA), and analyzed by flow cytometry. Apoptotic cells were defined as annexin V-FITC ϩ and 7-AAD Ϫ .
Proliferation assay
Proliferation was evaluated by means of a 5-(and 6-) carboxyfluorescein diacetate succinimidyl ester (CFSE) (Molecular Probes, Eugene, OR) labeling assay, as previously described with a small modification. 21 CD34 ϩ cells labeled with CFSE were cultured for 96 hours alone or in the presence of inhibitors. At the end of the culture period, proliferation was analyzed by flow cytometry (FACScalibur; Becton Dickinson, San Jose, CA). ModFit software (Verity, Topsham, ME) was used to fit the data, determine the percentage of cells in each generation, and generate a proliferation index.
Western blot analysis
CD34 ϩ cells (2 ϫ 10 5 cells per condition) were cultured in medium containing low concentrations of GF (as described in "Cell culture and exposure to inhibitors") in the presence or absence of inhibitors at indicated concentrations for 16 hours. In experiments testing the effects of high GF concentrations, a 25-fold higher concentration of this GF cocktail was used. Lysates were prepared in buffer containing 0.5% Nonidet P-40 (Sigma Diagnostics) and 0.5% sodium deoxycholate supplemented with phenylmethylsulfonyl fluoride (1 mM), protease inhibitors mixture, and phosphatase inhibitors (50 mM NaF, 1 mM Na 3 VO 4 ) (all from Sigma Diagnostics). Proteins were resolved on 10% sodium dodecyl sulfate-polyacrylamide get electrophoresis (SDS-PAGE) gels and transferred to nitrocellulose membrane. Primary antibodies used were as follows: anti-Crk-like (anti-CRKL) rabbit polyclonal antibody (sc-319; Santa Cruz Biotechnology, Santa Cruz, CA), anti-phosphorylated p42/44 MAPK mouse monoclonal antibody (sc-7383; Santa Cruz Biotechnology), and anti-p42/44 MAPK rabbit polyclonal antibody (sc-94; Santa Cruz Biotechnology). Horseradish peroxidase-or alkaline phosphatase-conjugated secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA). Antibody detection was done by means of the Superfemto kit (Pierce Biotechnology, Rockford, IL) or Western-light system (Tropix, Bedford, MA). The protein expression level was determined by densitometry with the use of ImageQuant software (Amersham Pharmacia Biotech, Piscataway, NJ). Each experiment included the CML cell line K562 as a positive control.
MAP kinase and AKT kinase assays
CD34 ϩ cells (3 ϫ 10 5 cells per condition) were cultured for 16 hours in medium containing low concentrations of GF with or without imatinib as described in the preceding section. Samples were assayed with the use of AKT kinase or p44/42 MAPK assay kits obtained from Cell Signaling Technology (Beverly, MA) following the manufacturer's instructions. AKT or p44/42 MAPK were immunoprecipitated and subjected to an in vitro kinase reaction using glycogen synthase kinase-3 (GSK-3) and ELK-1 fusion proteins as substrates, respectively. The products of the kinase reactions were resolved by electrophoresis, and Western blotting with the use of primary antibodies to phospho-GSK-3␣/␤ or phospho-ELK-1 was performed. One third of the lysate was used for Western blotting for actin.
Statistics
Results of data obtained from multiple experiments were reported as the mean Ϯ 1 standard error of the mean (SEM). Significance levels were determined by Student t test analysis.
Results
The effect of imatinib on BCR/ABL TK activity in CML CD34 ϩ cells was investigated. The CRKL phosphorylation assay has been developed and validated as a practical method for evaluating the effect of imatinib treatment on BCR/ABL TK activity in primary CML cells. 37 CML and normal CD34 ϩ cells were cultured in low concentrations of GF, with or without addition of imatinib (1 to 5 M). The concentrations of imatinib used correspond to levels achieved in patients being treated with imatinib. 14 Phosphorylated CRKL (P-CRKL) is distinguishable from the nonphosphorylated form by its slower migration ( Figure 1 ). CML CD34 ϩ cells showed elevated CRKL phosphorylation (69% Ϯ 8%; n ϭ 6) compared with normal CD34 ϩ cells (13% Ϯ 2%; n ϭ 3; P Ͻ .005) in the absence of imatinib. Imatinib exposure resulted in inhibition of CRKL phosphorylation in CML CD34 ϩ cells in a dose-dependent manner ( Figure 1 ; Table 1 ). In time-course studies, inhibition of CRKL phosphorylation was seen as early as 2 hours after imatinib exposure (data not shown). Imatinib did not have significant effects on CRKL phosphorylation in normal CD34 ϩ cells. These results indicate that imatinib effectively inhibits BCR/ABL TK activity in CML CD34 ϩ cells.
Activation of the Ras-MAPK pathway is considered to play an important role in BCR/ABL-induced transformation of hematopoietic cells. [31] [32] [33] [34] To evaluate the effect of imatinib on MAPK activity in CML CD34 ϩ cells, Western blotting was performed with antibodies to the activated dual phosphorylated (Thr202, Tyr204) form of p42/44 MAPK (P-MAPK). Imatinib exposure failed to inhibit P-MAPK in CML CD34 ϩ cells in the tested dose range (1-5 M). Instead, the level of P-MAPK was increased in CML CD34 ϩ cells in an imatinib dose-responsive manner. Total MAPK expression remained unchanged, and an increase in the P-MAPK/MAPK ratio was seen (Figure 2A -B). Time-course studies showed that increased MAPK phosphorylation was seen as early as 2 hours after imatinib exposure (data not shown). Imatinib treatment did not result in significant change in the P-MAPK/MAPK ratio in normal CD34 ϩ cells, indicating that enhanced MAPK signaling is specific to CML progenitors. To confirm the results of Western blotting, we directly assessed MAPK activity by evaluating the ability of immunoprecipitated MAPK to phosphorylate the substrate protein ELK. These studies confirmed that imatinib treatment resulted in significantly increased MAPK activity in CML CD34 ϩ cells ( Figure 2C ). We evaluated the relationship of increased MAPK activity to exogenous GFs. P-MAPK levels were either unchanged or reduced in CML CD34 ϩ cells treated with imatinib in the absence of exogenous GF imatinib ( Figure 2D ), indicating that increased MAP kinase activity is GF dependent. Cells treated with imatinib in the presence of high concentrations of GF also demonstrated up-regulation of P-MAPK, indicating that this effect was not abrogated at saturating GF concentrations ( Figure 2E) .
We investigated the functional significance of these changes in intracellular signaling following imatinib treatment. Treatment of CML CD34 ϩ cells with 1 M imatinib resulted in significant reduction in CFC growth compared with untreated controls (49% Ϯ 13%; n ϭ 6; P ϭ .013), an observation consistent with our previously described results. 21 Inhibition of normal CFCs at this dose was significantly less than that of CML CFCs (14% Ϯ 8%; n ϭ 6; P ϭ .048). There was significant correlation between inhibition of CML CFC growth and inhibition of BCR/ABL TK activity in CML CD34 ϩ cells (r 2 ϭ 0.74; P Ͻ .02) ( Table 1) . Increased MAPK activity did not correlate well with the degree of TK Figure 1 . Inhibition of CRKL phosphorylation in CML CD34 ؉ cells by imatinib treatment. CML (n ϭ 6) and normal (n ϭ 3) CD34 ϩ cells (2 ϫ 10 5 ) were exposed to imatinib (1 and 5 M) for 16 hours in medium containing low concentrations of growth factors as described in "Patients, materials, and methods." Whole-cell lysates were electrophoresed on 10% SDS-PAGE and Western blotted with an anti-CRKL antibody. P-CRKL could be distinguished from nonphosphorylated CRKL by its slower migration. (A) Representative results for 2 CML samples and a normal control sample are shown. (B) Densitometry analysis was performed, and the percentage of phosphorylated CRKL determined as described in "Results." Means Ϯ SEM of P-CRKL/CRKL ratios for treated cells expressed relative to controls are shown for CML (f) and normal (u) samples. Significant differences in paired t tests for treated CD34 ϩ cells compared with untreated controls are indicated (*P Ͻ .005). CML CD34 ϩ cells were exposed to imatinib (1 mM) as described in "Patients, materials, and methods." The effect of imatinib on P-CRKL, on P-MAPK, and on CFC growth in 6 individual CML patient samples is shown. Values shown are results for treated cells expressed as percentage of untreated controls.
CFC indicates colony-forming cells; NA, data not available; and CHR, complete hematologic remission.
suppression or with inhibition of CFC growth. Although the correlation between inhibition of CFC growth and CRKL inhibition was good overall, patient no. 4 was an exception in that CFC growth was less inhibited than would be expected on the basis of the high level of inhibition of CRKL phosphorylation. It is possible this patient may have acquired additional non-BCR/ABL-related abnormalities in growth regulation that could contribute to reduced inhibition of progenitor growth despite effective inhibition of BCR/ABL TK activity and that could alter the MAPK response to BCR/ABL TK inhibition. In sample no. 6, from a patient with clinical resistance to imatinib, treatment with imatinib failed to inhibit BCR/ABL TK activity, but up-regulation of MAPK signaling was still seen, suggesting that actions of imatinib on kinases other than BCR/ABL may be involved in MAPK up-regulation.
To further investigate the significance of MAPK activity in imatinib-treated CML progenitors, we studied the effects of U0126 and PD98059, pharmacologic inhibitors of the p42/44 MAPKactivating enzyme MEK-1/2. Preliminary dose-response studies indicated that U0126 or PD98059 markedly reduced P-MAPK levels in BCR/ABL-transformed TF-1 cell lines at a concentration of 25 M, (data not shown). We confirmed that 25 M U0126 (Figure 3) or PD98059 (not shown) inhibited MAPK phosphorylation in CML and normal CD34 ϩ cells, in both the presence and absence of imatinib. Inhibition was more complete with U0126 than with PD98059. P-MAPK levels were higher in CML cells than in normal CD34 ϩ cells after culture for 96 hours both with and without imatinib treatment (data not shown). U0126 treatment led to significant inhibition of both CML and normal CFC growth ( Figure 4A ). As expected, imatinib treatment also resulted in significant inhibition of CML CFC growth. Combined treatment with U0126 and imatinib resulted in significantly increased For personal use only. on October 20, 2017. by guest www.bloodjournal.org From suppression of CML CFCs beyond that seen with either inhibitor alone (U0126 versus U0126 plus imatinib, P ϭ .033; imatinib versus U0126 plus imatinib, P ϭ .019), but did not result in increased suppression of normal CFCs beyond that observed with U0126 alone. Similar results were obtained with PD98059 (data not shown).
Progenitor proliferation was measured by labeling cells with CFSE and evaluating cell division by flow cytometry ( Figure 4B ). As previously reported, 21 untreated CML CD34 ϩ cells demonstrated significantly enhanced proliferation compared with their normal counterparts (P ϭ .043), and a marked reduction in CML CD34 ϩ cell proliferation was seen following imatinib treatment. Treatment with U0126 also resulted in a significant reduction in CML CD34 ϩ cell proliferation. The combination of U0126 and imatinib resulted in significantly increased inhibition of CML CD34 ϩ cell proliferation beyond that seen with either inhibitor alone (U0126 versus U0126 plus imatinib, P ϭ .001; imatinib versus U0126 plus imatinib, P ϭ .006). Inhibition of normal CD34 ϩ cell proliferation by U0126 did not reach statistical significance (P ϭ .076). Imatinib did not result in significant inhibition of normal CD34 ϩ cell proliferation. The combination of imatinib with U0126 did not result in increased suppression of normal CD34 ϩ cell proliferation beyond that observed with U0126 alone. Exposure to imatinib or MEK inhibitors alone resulted in a small but significant increase in apoptosis in CML CD34 ϩ cells compared with controls ( Figure 4C ). Combined exposure to imatinib and MEK inhibitors was associated with a small increase in apoptosis beyond that seen with either inhibitor alone (U0126 versus U0126 plus imatinib, P ϭ .02; imatinib versus U0126 plus imatinib, P ϭ .009). Neither MEK inhibitors nor imatinib resulted in a significant increase in apoptosis in normal CD34 ϩ cells. These results suggest that the enhanced activity of the inhibitor combination may result from both enhanced suppression of CML CD34 ϩ cell proliferation and increased apoptosis.
We also evaluated the effect of imatinib on PI-3K/AKT kinase signaling, another downstream effector of BCR/ABL. Klejman et al 38 have reported that imatinib inhibits PI-3K/AKT kinase activity in CML BC cells and that combinations of PI-3K inhibitors and imatinib resulted in enhanced and selective inhibition of CML CFC growth. Here we observed that imatinib treatment inhibited AKT kinase activity in CD34 ϩ cells from some CML patients but not others and that pooled results for AKT kinase inhibition by imatinib were not statistically significant ( Figure 5 ). AKT kinase inhibition did not correlate with disease stage, prior imatinib exposure, or imatinib response. The effect of the PI-3K inhibitors LY294002 (LY) and Wortmannin on CML and normal CD34 ϩ growth were tested. LY (2 M) and Wortmannin (12.5 nM) concentrations were as described in the Klejman study. The effects of LY were more prominent than Wortmannin and are shown in Figure 6 . Treatment of CML CD34 ϩ cells with LY resulted in significant inhibition of CML CFC growth and suppression of proliferation. Normal CD34 ϩ cells treated with LY also showed significant decreases in CFC growth and proliferation. As expected, treatment of CML CD34 ϩ cells with imatinib alone resulted in significant suppression of CFC growth, inhibition of proliferation, and induction of apoptosis. Suppression of CML CFC growth following exposure to a combination of imatinib and LY was significantly increased compared with either LY or imatinib alone. (LY versus LY plus imatinib, P ϭ .002; imatinib versus LY plus imatinib, P ϭ .009). Treatment of CML CD34 ϩ cells with the combination of LY and imatinib also significantly enhanced inhibition of proliferation relative to either inhibitor alone (LY versus LY plus imatinib, P ϭ .011; imatinib versus LY plus imatinib, P ϭ .012), but only increased apoptosis significantly when compared with imatinib alone (LY versus LY plus imatinib, P ϭ .105; imatinib versus LY plus imatinib, P ϭ .025). Normal CD34 ϩ cells treated with the combination of LY and imatinib showed enhanced CFC suppression relative to either inhibitor alone and increased apoptosis relative to imatinib alone. In summary, addition of PI-3K inhibitors to imatinib resulted in significantly increased suppression of CML progenitor growth compared with imatinib alone and also resulted in similar suppression of normal progenitor growth.
Discussion
We have directly investigated the effect of imatinib on intracellular signaling in CML primary progenitor cells. We show that imatinib treatment results in inhibition of BCR/ABL TK activity in CML CD34 ϩ progenitor cells. However, imatinib treatment failed to inhibit p42/44 MAPK, a potential downstream target of the BCR/ABL TK, and instead an unexpected dose-responsive and GF-dependent increase in MAPK activity was seen. Pharmacologic inhibition of MAPK activity with MEK-1/2 inhibitors in combination with imatinib resulted in additional suppression of CML progenitor growth beyond that seen with imatinib treatment alone.
Others and we have previously shown that imatinib treatment results in significant suppression of CML progenitor growth. 12, [21] [22] [23] [24] Progenitor suppression results mainly from inhibition of proliferation although a small increase in apoptosis is also seen. 21, 22, 24 However, suppression is incomplete, and residual BCR/ABL ϩ progenitors can persist following imatinib treatment, even in patients in CCR. 25 One potential explanation is that imatinib has reduced activity in CML CD34 ϩ progenitors compared with more differentiated cells or cell lines. In the current study, we directly evaluated the effect of imatinib on BCR/ABL TK activity. CRKL phosphorylation was used as a marker of BCR/ABL TK activity. 37, 39 Imatinib treatment resulted in significant dose-responsive inhibition of CRKL phosphorylation in CML CD34 ϩ cells. The degree of reduction of CRKL phosphorylation was similar to that previously described for primary CML whole-blood or marrow cells 37 and for BCR/ABL-expressing cell lines following treatment with imatinib (S.C. and R.B., unpublished observations, March 2003). The degree of inhibition of BCR/ABL TK activity in CML CD34 ϩ cells by imatinib correlated well with inhibition of CFC growth. Progenitor suppression was incomplete, even in samples demonstrating highly effective inhibition of BCR/ABL TK activity. However low-level kinase activity always persists and may be sufficient to maintain viability of BCR/ABL-expressing progenitors.
BCR/ABL TK activity results in abnormal phosphorylation of a large number of intracellular proteins, including adaptor proteins, receptors, enzymes, and cytoskeletal proteins, that are implicated as playing a role in BCR/ABL-induced transformation. 1 However, the role of specific downstream pathways in the transformation of primary CML progenitor cells is unclear. The p42/44 MAPK plays an important role in integration of signals from extracellular stimuli regulating cell proliferation, differentiation, and survival. 28, 40 Several studies in hematopoietic cell lines indicate that BCR/ABL activates p42/44 MAPK signaling. 26, [32] [33] [34] However, a recent study did not find an association between BCR/ABL expression and MAPK activation in human leukemia lines. 41 Studies evaluating the effect of imatinib on MAPK signaling in CML cell lines have also given mixed results. Dan et al 42 reported that exposure to imatinib resulted in dephosphorylation of p42/44 MAPK. On the other hand, Yu et al 43 observed that exposure of BCR/ABLexpressing K562 cells to low concentrations of imatinib (200 nM) resulted in an increase in p42/44MAPK phosphorylation. We show here that imatinib treatment results in dose-responsive increase in MAPK phosphorylation and catalytic activity in CML CD34 ϩ progenitor cells. Imatinib also resulted in increased, rather than reduced, Ras activation in BCR/ABL-expressing TF-1 hematopoietic cells (M.H. and R.B., unpublished observations, September 2003). Increased MAPK activity did not correlate well with the degree of TK suppression or inhibition of CML CFC growth. There was considerable interpatient variability in the relationship between imatinib effects on BCR/ABL TK activity, P-MAPK levels, and CFC growth. This may be related in part to varying degrees of BCR/ABL TK resistance to imatinib in primary samples. Additional non-BCR/ABL-related abnormalities in growth regulation could also contribute to reduced inhibition of progenitor growth despite effective inhibition of BCR/ABL TK activity and could alter the MAPK response to BCR/ABL TK inhibition. Finally, increased MAPK signaling could be seen even in imatinib-resistant cells, suggesting that inhibition of non-BCR/ABL TK mechanisms could contribute to MAPK up-regulation. CML CD34 ϩ cells demonstrate abnormal sensitivity to c-KIT stimulation, and it is possible that some of the results obtained may have been influenced by inhibition of c-KIT, which could occur even where imatinib sensitivity was lost. 44 Our studies using MEK-1/2 inhibitors provide evidence that persistent MAPK signaling in imatinib-treated cells is of functional significance. Inhibition of MAPK signaling led to suppression of CML and normal progenitor growth. A significant inhibition of CML CD34 ϩ cell proliferation and increase in apoptosis was seen. The combination of imatinib with a MEK inhibitor resulted in significantly increased inhibition of CML, but not normal progenitor growth, compared with either inhibitor alone. Our results suggest that inhibition of MAPK signaling has an antiproliferative effect on CML progenitors, which is enhanced in combination with imatinib, and a significant but less prominent effect on cell viability. Yu et al 43 observed that exposure to imatinib in combination with MEK1/2 inhibitor PD184352 resulted in a dramatic increase in mitochondrial dysfunction and apoptosis in K562 cells. Differences between our results and those of Yu et al are probably related to differences in intracellular signaling and regulation of apoptosis between primary progenitor cells and the K562 cell line, which is a propagated BC CML-derived cell line with multiple additional genetic abnormalities besides the BCR/ABL translocation, 45 and several-fold-increased BCR/ABL expression compared with primary CML cells. 46 As a result, K562 cells may have a greater dependence on BCR/ABL TK activity and/or MAPK activity for maintenance of viability. 47 Increased MAPK activity in imatinib-treated CML progenitors may represent a compensatory response to inhibition of BCR/ABL TK activity. Cultured CML CD34 ϩ cells had increased P-MAPK levels compared with normal CD34 ϩ cells. In the absence of exogenous GF, treatment with imatinib either reduced or did not change MAPK activity in CML CD34 ϩ cells. The imatinib-induced increase in MAPK activity was seen even at saturating GF concentrations. Therefore imatinib-mediated inhibition of BCR/ ABL TK activity may be associated with an enhanced response of CML progenitors to GF-induced physiologic stimulation of MAPK activity. Loss of negative feedback mechanisms operating in BCR/ABL-transformed cells may contribute to increased MAPK signaling in imatinib-treated cells. For example, the docking protein p62 DOK is prominently phosphorylated in CML progenitor cells, 48 is a negative modulator of RAS and MAPK signaling, 49 and can oppose p210 BCR/ABL -induced leukemogenesis in an in vivo mouse model. 49 We have observed that imatinib treatment leads to marked reduction in p62 DOK phosphorylation in CML CD34 ϩ cells (S.C. and R.B., unpublished observations, December 2002). However, p62 DOK has also been reported to bind p120 Ras GTPaseactivating protein (GAP) and potentiate signaling through Ras, 50 and further studies will be required to determine whether reduction in p62 DOK phosphorylation after imatinib treatment could play a role in altered MAPK signaling in CML progenitor cells.
In the network model of signaling pioneered by Iyengar and colleagues, signaling cascades are viewed as interacting pathways that integrate multiple inputs to shape a defined output, rather than as linear pathways that relay information. [51] [52] [53] The interaction of different pathways and the dynamic modulation of activities of components within signaling pathways can create a variety of biologic outputs. In CML progenitors, BCR/ABL signaling may result in constitutive activation of several signaling cascades, which may override physiologic signaling through these pathways. Reduction of constitutive BCR/ABL-mediated activation of these pathways following imatinib treatment may result in compensatory up-regulation of GF-mediated physiologic signaling through the Ras/MAPK pathway. MAPK signaling may have different outcomes depending on amplitude and duration of signal, the activity of feedback mechanisms, and interactions with other signaling pathways. Enhanced GF-dependent MAPK signaling in imatinibtreated CML progenitors could contribute to incomplete inhibition of progenitor growth, but may not be sufficient to maintain the enhanced level of proliferation seen in untreated CML progenitors, which may require sustained activation of MAPK, PI-3K, and other signaling pathways by the BCR/ABL kinase. As discussed in the next paragraph, continued signaling through the PI-3K pathway may also contribute to maintenance of viability of imatinib-treated cells.
Inhibition of other pathways downstream of BCR/ABL may contribute to imatinib-mediated suppression of progenitor growth, including pathways downstream of Ras other than p42/44 MAPK. 26 Other potential candidates include the PI-3K/AKT and Janus kinase-STAT (Jak-STAT) signaling pathways, as well as transcription factors such as c-Jun, c-myc, and nuclear factor-B (NF-kB), which have been shown to be important for transformation of CML cell lines. 1 Klejman et al 38 reported that imatinib treatment inhibited PI-3K/AKT activity in CML BC cells and that combined imatinib and PI-3K treatment selectively targeted CML progenitor growth and spared normal marrow cells. In our study, imatinib treatment reduced AKT kinase activity in CD34 ϩ cells from some CML CP and AP patients, but this effect was not consistent.
Treatment with the PI-3K inhibitor LY2 significantly inhibited CML CFC growth. Addition of LY to imatinib resulted in increased suppression of CML progenitor growth and proliferation and increased apoptosis compared with imatinib alone. These results suggest that inhibition of PI-3K signaling is incomplete in imatinibtreated cells and that further inhibition of PI-3K signaling can enhance inhibition of progenitor growth. Our results indicating that LY also inhibited normal progenitor growth when used alone and in combination with imatinib are consistent with previous reports that PI-3K signaling plays an important role in GF-induced proliferation and survival of normal progenitors. 54, 55 Differences between these results and those of Klejman et al could be related to the different cell populations studied or the specific experimental conditions.
Our studies support the exploration of combined inhibition of BCR/ABL TK activity and MAPK signaling as a strategy to enhance therapeutic targeting of CML progenitors. PD184352, a novel, highly potent, and selective inhibitor of the MEK kinase, which is bioavailable orally, has been recently shown to suppress the growth of colon tumors in vivo without causing overt toxicity. 56 Resistance to imatinib in CML is often related to evolution of point mutations in the ABL kinase domain. 37, 57 Although certain kinase domain mutations are completely insensitive to imatinib, several mutations retain intermediate levels of sensitivity to inhibition by imatinib. 58 For mutations demonstrating residual imatinib sensitivity, combination of imatinib and additional agents could be of therapeutic benefit, 59 and combined use of imatinib and MAP kinase inhibitors could be considered. Since MEK inhibitors block the growth of both normal and CML progenitors, toxicity to normal cells may be an important consideration.
In conclusion, our results indicate that suppression of primary CML progenitor growth by imatinib is associated with enhanced MAPK signaling that is GF dependent. Increased MAPK activity is of functional significance, and combined suppression of BCR/ABL TK activity and MAPK signaling can enhance inhibition of CML progenitor growth.
